, are structurally related proteins that are highly conserved in all eukaryotes, and all six proteins are essential for DNA replication (1) (2) (3) . The recruitment of these proteins onto replication origins during the G 1 phase of the cell cycle is essential for the formation of a prereplicative complex and initiation of DNA replication (4) (5) (6) . The Mcm proteins interact to form various complexes, including Mcm2͞3͞4͞5͞6͞7, Mcm4͞6͞7, Mcm2͞4͞6͞7, or Mcm3͞5 (7) (8) (9) (10) (11) . Biochemical studies with these complexes have shown that only the dimeric complex of the Mcm4͞6͞7 heterotrimer contained DNA helicase, single-stranded (ss) DNA binding, and DNA-dependent ATPase activities (12) (13) (14) . It also has been shown that the interaction of Mcm2 or Mcm3͞5 with the Mcm4͞6͞7 complex inhibited the helicase activity of Mcm4͞6͞7 complex (14, 15) . In vivo crosslinking and chromatin immunoprecipitation experiments performed in Saccharomyces cerevisiae showed that the localization of the Mcm proteins (Mcm4 and Mcm7) shifted from origin regions to interorigin regions during S phase (4) . Furthermore, studies using mcm degron mutants in S. cerevisiae suggest that Mcm proteins also are required for the progression of the replication fork (16) . These observations, taken together with the biochemical properties of Mcm4͞6͞7 complex, suggest that Mcm proteins may play a role as a replicative helicase in eukaryotes, similar to that of the bacterial DnaB or the large T antigen of simian virus 40 (SV40) (17) (18) (19) . Consistent with this proposal, the dodecameric complex of the single Mcm protein, isolated from the archaeon Methanobacterium thermoautotrophicum, possesses helicase activity that unwinds duplex DNA regions of 500 bp in length (20) (21) (22) . In contrast, the eukaryotic Mcm4͞6͞7 complex showed limited helicase activity, only unwinding very short duplex DNA (12, 14) , raising doubts as to whether this complex can act as a replicative helicase. Because of its limited processivity, it was postulated that additional factors or modifications are required for the processive helicase activity of this complex or that the Mcm4͞ 6͞7 complex is only the catalytic core of the more fully active and processive helicase complex.
In this study, we examined the helicase activity of the Schizosaccharomyces pombe Mcm4͞6͞7 complex with several different types of substrates, including forked DNA structures. Analysis of the helicase activity and the interactions of the Mcm4͞6͞7 complex with these substrates showed that the presence of ss tails in forked DNA substrates stimulates the processive helicase activity of Mcm4͞6͞7 complex presumably by facilitating the formation of double heterohexameric complex of Mcm4͞6͞7.
Materials and Methods
Reagents. Labeled and unlabeled dNTPs and rNTPs were obtained from Amersham Pharmacia. M13mp18 ssDNA was from New England Biolabs. Anti-FLAG M2 Ab-agarose and FLAG peptide were from Sigma. Crosslinking reagent Bis(sulfosuccinimidyl)suberate (BS 3 ) was from Pierce. Escherichia coli ssDNA binding protein (SSB) was from Amersham Pharmacia. Oligonucleotides were synthesized by Integrated DNA Technologies (Coralville, IA).
Expression and Purification of Mcm4͞6͞7
Complex in Insect Cells. The Mcm4͞6͞7 complex was expressed and purified from Sf9 insect cells by using Ni-agarose affinity chromatography followed by anti-FLAG M2 Ab-agarose affinity chromatography and glycerol gradient sedimentation as described (14) . DNA Helicase Assay. For the preparation of substrates used to measure DNA helicase activity, oligonucleotides were synthesized that contained a 37-nt region complementary to the M13mp18(ϩ) strand (nucleotides 6289-6326) and different lengths of oligo(dT) tails (0, 10, 20, 30, or 40 nt) at the 5Ј end [5Ј-(dT) 0 -40 GT T T TCCCAGTCACGACGT TGTA A A AC-GACGGCCAGT-3Ј]. After annealing to M13mp18 ssDNA, the 3Ј end of the annealed DNA was labeled with [␣- 32 P]dGTP and the Klenow fragment. These labeled M13mp18 DNA substrates were purified by Sepharose CL4B column chromatography. To determine the maximal length of duplex DNA displaced by the Mcm4͞6͞7 helicase, substrates containing longer duplex regions were prepared by elongating singly primed M13mp18 ssDNA by using Sequenase (United States Biochemical). For this purpose, 5Ј-(dT) 40 GTTTTCCCAGTCACGACGTTGTAAAACGACG-GCCAGT-3Ј was annealed to M13mp18 ssDNA, and the 3Ј end Abbreviations: Mcm, minichromosome maintenance; ss, single-stranded; ATP-␥-S, adenosine 5Ј-O-thiotriphosphate; BS 3 , bis(sulfosuccinimidyl)suberate; SV40, simian virus 40; SSB, ssDNA binding protein.
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of this oligomer was labeled with [␣- 32 P]dGTP and [␣- 32 P]dCTP in the presence of Sequenase, and then elongated in the presence of ddATP and all four dNTPs, according to the manufacturer's protocol. The DNA product was purified by Sepharose CL4B column chromatography. The resulting labeled substrate (15,000 cpm͞fmol) contained duplex regions that varied in length between 40 and 600 bp. For the preparation of forked DNA substrates containing various combinations of 5Ј and 3Ј ss tails, 5Ј-tailed oligomers containing 0-50 nt of 5Ј tails [5Ј-(dT) 0 -50 -GGT TGGCCGATCA AGTGCCCAGTCACGACGT TGT-AAAACGAGCCCGAGTG-3Ј] and 3Ј-tailed oligomers with 0-60 nt of 3Ј-tails [5Ј-CACTCGGGCTCGTTTTACAACGT-CGTGACTGGGCACT TGATCGGCCA ACC(dT) 0 -60 -3Ј] were synthesized. Oligomers containing 5Ј tails were radiolabeled with [␥-32 P]ATP and T4 polynucleotide kinase, annealed to 3Ј-tailed oligomers, and the annealed products were gelpurified as described (23) .
DNA helicase activity was measured in reaction mixtures (15 l) containing 25 mM Hepes-NaOH (pH 7.5), 25 mM sodium acetate, 10 mM magnesium acetate, 4 mM ATP, 1 mM DTT, 0.1 mg͞ml BSA, 5-10 fmol of 32 P-labeled substrate (4,000 cpm͞ fmol), and enzyme fraction. After incubation at 32°C for 1 h, 4 l of 5ϫ loading buffer (100 mM EDTA͞0.5% SDS͞0.1% xylene cyanol͞0.1% bromophenol blue͞25% glycerol) was added, and 7-l aliquots were loaded onto a 12% polyacrylamide gel in 1ϫ TBE (90 mM Tris͞90 mM boric acid͞1 mM EDTA) and electrophoresed for 1.5 h at 150 V.
Gel Mobility Shift Assay. DNA substrates containing a 60-nt 3Ј tail alone, a 30-nt 5Ј tail alone, or both 3Ј and 5Ј tails (30 and 60 nt, respectively) were prepared as described above. These substrates were used in the gel mobility shift assays. Enzyme fractions were incubated at 25°C for 30 min in reaction mixtures (15 l) containing 25 mM Hepes-NaOH (pH 7.5), 50 mM sodium acetate, 10 mM magnesium acetate, 1 mM DTT, 0.1 mg͞ml BSA, 0.5 mM adenosine 5Ј-O-thiotriphosphate (ATP-␥-S), and 20 fmol of 32 P-labeled substrate (4000 cpm͞fmol). After addition of 2 l of 50% glycerol, aliquots of reaction mixtures were electrophoresed for 4 h at 120 V through a 4% polyacrylamide gel containing 6 mM magnesium acetate and 5% glycerol in 0.5ϫ TBE at 4°C.
Glycerol Gradient Centrifugation of Mcm͞DNA Complexes. The Mcm4͞6͞7 complex was incubated in reaction mixtures (150 l) containing 25 mM Hepes-NaOH (pH 7.5), 50 mM sodium acetate, 10 mM magnesium acetate, 1 mM DTT, 0.1 mg͞ml BSA, 0.5 mM ATP-␥-S, and 0.5 pmol of 32 P-labeled substrate (4,000 cpm͞fmol). After incubation at 25°C for 30 min, reaction mixtures were applied onto 5-ml 15-35% glycerol gradients in buffer A (20 mM Hepes-NaOH, pH 7.5/25 mM sodium acetate/5 mM magnesium acetate/1 mM DTT) containing 0.1 mg͞ml BSA. After centrifugation at 48,000 rpm for 6 h in a Beckman SW 50.1 rotor at 4°C, fractions (330 l) were collected from the bottom of the tube. The distribution of Mcm͞DNA complexes or DNA was determined by liquid scintillation counting.
Crosslinking of Mcm4͞6͞7
Complex on Forked DNA Substrate. DNA substrates containing biotin at the 3Ј end of the 5Ј-tailed oligomer were used for the isolation of the Mcm4͞6͞7 complex bound to DNA. The Mcm4͞6͞7 complex (2 g) was incubated with 0.2 pmol of the biotinylated DNA substrate at 25°C for 30 min in the same reaction mixture (50 l) used in the gel-mobility assay. After addition of 5 l of streptavidin-conjugated magnetic beads (Promega), reaction mixtures were incubated at 4°C for an additional 10 min. Magnetic beads were washed two times with 0.2 ml of buffer A containing 0.1 mM ATP-␥-S and 0.1 mg͞ml BSA. Beads then were suspended in 15 l of buffer A containing 0.1 mM ATP-␥-S. To crosslink Mcm proteins, BS 3 was added to 0.05, 0.1, or 0.2 mM, and the mixtures were incubated on ice for 10 min. The crosslinking reaction was stopped by the addition of 1 l of 1 M Tris⅐HCl, pH 7.5, and proteins were analyzed by SDS͞4.5% PAGE followed by staining with silver.
Results

Stimulation of the Helicase Activity of the Mcm4͞6͞7 Complex by a 5
ss Tail on an M13 Partial Duplex DNA Substrate. The helicase activity of the S. pombe Mcm4͞6͞7 complex was examined by using the M13 DNA partial duplex substrate containing a 38-bp duplex region. The Mcm4͞6͞7 complex hardly displaced the duplex DNA as shown in Fig. 1A . This observation was consistent with the low processivity of the Mcm4͞6͞7 helicase reported previously (14) . However, when the same duplex M13 substrate containing an ss tail on the 5Ј end of oligomer DNA was used (Fig. 1B Upper) , the presence of a 40-nt oligo(dT) tail markedly stimulated the helicase activity of Mcm4͞6͞7 complex (Fig. 1B) . When M13 substrates containing the same 38-bp duplex region with a 5Ј oligo(dT) tail of 0, 10, 20, 30, or 40 nt were used, 200 ng of the Mcm4͞6͞7 complex displaced 3%, 12%, 38%, 63%, or 67% of the substrate, respectively (data not shown). Thus, the stimulation of helicase activity by the presence of a 5Ј tail was proportional to the length of the tail. We also observed stimulation of the Mcm4͞6͞7 helicase activity by the addition of an oligo(dT) tail at the 5Ј end of oligomer DNAs with M13 substrates containing a short 18-bp duplex region (data not shown). However, the stimulatory effect was relatively low (Ͻ5-fold) compared with the effects observed with M13 substrates containing a 38-bp duplex region (Ͼ20-fold). This difference in the level of stimulation suggests that the presence of a 5Ј tail on helicase substrates not only affects the rate of displacement but also increases the processivity of the Mcm4͞ 6͞7 helicase. determined. For this purpose, small forked DNA helicase substrates that contained a 50-bp duplex region with varying lengths of oligo(dT) tails on its 3Ј or 5Ј end were used. First, the effects of a 3Ј tail were investigated by using forked DNA substrates with a 40-nt oligo(dT) tail on its 5Ј end and varying lengths of oligo(dT) residues at the 3Ј end. Substrates lacking a 3Ј tail or substrates containing a 3Ј tail shorter than 30 nt were poor substrates for this Mcm4͞6͞7 helicase ( Fig. 2A) , demonstrating that the presence of an oligo(dT) tail at the 3Ј end is essential for the helicase activity of the Mcm4͞6͞7 complex. Under the conditions used, the efficiency of the displacement reaction increased as the 3Ј-tail length increased up to 60 nt. The influence of a 5Ј tail also was investigated with forked DNA substrates containing a 50-nt oligo(dT) tail at the 3Ј end and oligo(dT) tails of varying lengths at the 5Ј end. In the absence of a 5Ј tail, the Mcm4͞6͞7 complex hardly displaced any of the substrates examined. However, the efficiency of unwinding gradually was increased by the addition of longer 5Ј tails of 10-40 nt in length. This stimulatory effect reached a plateau with substrates possessing a 40-nt 5Ј tail (Fig. 2B) . These results indicate that both 3Ј and 5Ј ss tails bordering a duplex region are essential for the processive helicase activity of the Mcm4͞6͞7 complex. The requirement for a relatively long ss tail at the 3Ј end of substrates for helicase activity suggested that the loading and stable binding of the Mcm4͞6͞7 helicase complex, which possesses a 3Ј to 5Ј polarity, required an ssDNA region longer than 40 nt. However, the length of the 5Ј tail required for processive helicase activity differs from the length of the 3Ј tail, and this difference suggests that the ss tail at the 5Ј end might play a role other than the loading of the Mcm4͞6͞7 complex onto the substrate DNA.
Formation of the Double Heterohexameric Complex of Mcm4͞6͞7 on
Forked DNA Substrates. To examine the role played by the ss tails in stimulating the helicase activity of the Mcm4͞6͞7 complex, the interaction of the complex with different helicase DNA substrates was analyzed by using the gel mobility shift assay. When a substrate DNA containing 3Ј tail alone (Fig. 3B Upper) was incubated with increasing levels of the Mcm4͞6͞7 complex, the majority of the Mcm͞DNA complex formed migrated as a single band, reflecting the stable binding of a Mcm4͞6͞7 dimeric complex with the ss tail (Fig. 3B) . As described above, the Mcm4͞6͞7 complex did not displace the duplex region within this substrate under the same reaction conditions used (Fig. 2B,  no tail) . These results suggest that the binding of the Mcm4͞6͞7 dimeric complex to the DNA substrate is not sufficient for processive helicase activity. On the other hand, a substrate containing the 30-nt 5Ј tail alone (Fig. 3C Upper) did not appear to yield a stable complex with the Mcm proteins. Even though a substantial portion of the DNA substrate disappeared under these reaction conditions, the Mcm͞DNA complex appeared to dissociate during electrophoresis (Fig. 3C, lanes 4-6) . In support of this, a weak smear of shifted radioactivity was detected upon longer exposure of the gel during autoradiography (data not shown). When the DNA substrate containing both 3Ј and 5Ј tails (as shown in Fig. 3A ) was used, a faster migrating band (C1) was observed (Fig. 3A, lanes 2-4) at low concentrations of the Mcm complex. Another slower migrating band (C2) was detected only at higher concentrations of protein (Fig. 3A, lanes 5 and 6) . Based on these properties, the faster migrating band appeared to be an Mcm͞DNA complex containing one Mcm4͞6͞7 dimeric complex, whereas the slower migrating complex may contain two molecules of the Mcm4͞6͞7 dimeric complex. Because the Mcm4͞6͞7 dimeric complex binds only to ssDNA and the forked DNA substrate contains short ssDNA tails that cannot be occupied by two molecules of Mcm4͞6͞7 dimeric complex, it was reasonable to assume that each dimeric complex interacted with each ss tailed region in this substrate. The weak and unstable interaction of the Mcm4͞6͞7 dimeric complex with the short 5Ј tail, as shown in Fig. 3C , might be stabilized by its interaction with another dimeric complex bound to the 3Ј-tail region (C2 in Fig. 3A) .
The properties of these Mcm͞DNA complexes were analyzed by glycerol gradient sedimentation. For this purpose, 0.5 pmol of the forked DNA substrate containing both 3Ј and 5Ј tails (same as Fig. 3A Upper) was incubated with 7.5 g of the Mcm4͞6͞7 complex (13 pmol of Mcm4͞6͞7 dimer) to form the C2 complex or with 0.5 g of the Mcm complex (0.5 pmol) to form the C1 complex by using the identical conditions described for the gel mobility shift assay. After incubation, the formation of the C1 or C2 complex was confirmed by the gel mobility shift assay (data not shown), and these reaction mixtures then were sedimented through a 15-35% glycerol gradient. As shown in Fig. 4 , the sedimentation properties of the C1 complex in the glycerol gradient (peaking at fraction 9, 16.4 S) were in keeping with the sedimentation of the substrate DNA alone (peaking at fraction 14, 1.9 S) and the Mcm4͞6͞7 dimeric complex alone (17.4 S, ref. 14) . These findings suggest that the C1 complex most likely contained one molecule of Mcm4͞6͞7 dimeric complex bound to the DNA substrate. On the other hand, the C2 complex peaked at fraction 7 (21.4 S), suggesting that this complex most likely contained two molecules of Mcm4͞6͞7 dimeric complex bound to the forked DNA substrate. Gel mobility shift analysis of the complexes detected in the glycerol gradient fractions also was carried out. The Mcm-DNA complex that peaked at 16.4 S was shown to be the complex C1. The Mcm-DNA complex that peaked at 21.4 S was found to consist of a mixture of C1 and C2 complexes (data not shown). These findings, which are in keeping with the results presented in Fig. 3 , suggest that the C2 complex is relatively unstable under the conditions used whereas the C1 complex is stable.
To examine whether the two dimeric complexes of Mcm4͞6͞7 present in complex C2 are in direct contact with each other, crosslinking experiments were performed. In these experiments, the forked DNA substrate containing both 3Ј-and 5Ј-tailed regions (same as described in Fig. 3A Upper) was biotinylated. In addition, a biotinylated DNA substrate containing only the 3Ј-tailed region (Fig. 3B Upper) also was prepared. Both substrates were incubated with the Mcm4͞6͞7 complex, using the same conditions used in the gel mobility shift assay. The Mcm͞DNA complexes formed were separated from excess free Mcm proteins by using streptavidincoated magnetic beads. The Mcm complex bound to the DNA substrate was crosslinked by the addition of the crosslinking reagent BS 3 , and the mixture then was subjected to SDS͞PAGE analysis. As shown in Fig. 5 , a protein band of about 600 kDa, representing the dimeric complex of Mcm4͞6͞7, was detected after crosslinking. As expected, this protein band was formed in the presence of both DNA substrates (Fig. 5, arrowhead) . However, the overall intensities of the protein bands detected in lanes 1-3 were approximately 2-to 3-fold higher than those observed in lanes 4-6. This suggested that two molecules of the Mcm 4͞6͞7 dimeric complex were bound to the forked DNA substrate, whereas the 3Ј-tailed substrate contained only one Mcm4͞6͞7 dimeric complex. Furthermore, Mcm protein complexes larger than 600 kDa were detected only in reactions that contained the substrate possessing both 3Ј-and 5Ј-ss tails (Fig. 5, asterisk) . Based on its migration properties, the slowest migrating top band appeared to be a double heterohexameric Mcm4͞6͞7 complex was incubated with 0.5 pmol of a 32 P-labeled DNA substrate containing a 60-nt 3Ј tail and a 30-nt 5Ј tail with a 50-bp duplex region (the same substrate described in Fig. 3A ) in a reaction mixture (150 l) containing 25 mM Hepes-NaOH, pH 7.5, 50 mM sodium acetate, 10 mM magnesium acetate, 1 mM DTT, and 0.1 mg͞ml BSA. After incubation at 25°C for 30 min, the reaction mixture was loaded onto a 5-ml 15-35% glycerol gradient in a buffer A containing 0.1 mg͞ml BSA. After centrifugation at 48,000 rpm for 6 h in a Beckman SW 50.1 rotor at 4°C, fractions (330 l) were collected from the bottom of the tube. The distribution of Mcm͞DNA complexes or DNA were determined by liquid scintillation counting. The marker proteins used were thyroglobulin (Thy, 19S), catalase (Cat, 11.3S), and BSA (BSA, 4.3S). E, The binding reaction was carried out with 7.5 g of the Mcm4͞6͞7 complex (13 pmol Mcm4͞6͞7 dimer) to assemble the C2 complex; ᮀ, 0.3 g of the Mcm4͞6͞7 complex was used (about 0.5 pmol Mcm4͞6͞7 dimer) for the formation of the C1 complex; {, DNA substrate alone. The length of the duplex DNA region displaced by the double hexameric complex of Mcm4͞6͞7 was determined by using a 5Ј-tailed DNA͞M13 ssDNA substrate that contained duplex DNA regions that varied between 40 and 600 bp in length. Displacement of strands up to 200 nt in length was observed in the presence of 300 ng of the Mcm4͞6͞7 complex (Fig. 6, lane  5) . In the presence of E. coli SSB, the Mcm4͞6͞7 complex efficiently unwound duplex DNA regions up to 600 bp (Fig. 6,  lanes 8 and 11) . The stimulatory effects of SSB were observed only when the SSB was added after preincubation of the Mcm complex with the substrate DNA. If DNA was added to reaction mixtures containing both SSB and the Mcm complex, no helicase activity was observed (data not presented). Presumably, the binding of E. coli SSB to ss regions prevents the subsequent binding of the Mcm complex to the ss DNA. The molar excess amounts of SSB protein added to the reactions described above (Fig. 6, lanes 6-11) would be expected to prevent the reassociation of the Mcm complex with ss regions. These results suggest that the double heterohexameric Mcm4͞6͞7 complex acted as a processive helicase.
Discussion
The initiation of chromosomal DNA replication in eukaryotes is a multistep process. It involves the binding of origin recognition complex to replication origins, the recruitment of Cdc6͞Cdc18, the Mcm complex, and Cdc45 to form the prereplicative complex, and the activation of the prereplicative complex by Cdc7 and Cdc28 protein kinases. Among the components involved in the formation of the prereplicative complex, the Mcm complex is the most likely candidate to act as the replicative helicase. It was shown that the Mcm proteins appear to move through DNA during S phase, presumably as part of the replication fork (4), Furthermore, functional Mcm proteins are not only essential for the initiation of replication but are also required for the progression of the replication fork (16) . In vitro studies also showed that the dimeric complex of Mcm4͞6͞7 contained DNA helicase activity. However, the helicase activity of the dimeric Mcm4͞6͞7 complex showed limited processivity (12, 14) , a property compromising its putative role as a replicative helicase. In this study, we demonstrated that the double heterohexameric complex of Mcm4͞6͞7 that assembled on a forked DNA substrate is a processive helicase, thus providing evidence that the Mcm complex may function as a replicative helicase.
The experiments described above suggest that formation of a double hexameric complex may be important for the processive helicase activity of the Mcm4͞6͞7 complex. The formation of a double hexamer appears to be conserved in evolution because the single Mcm protein of the archaeon M. thermoautotrophicum also forms a double hexameric complex, which contains helicase activity capable of unwinding long regions of duplex DNA (20) (21) (22) . This biochemical property is also similar to that of the SV40 T antigen. The double hexameric complex of SV40 T antigen also can be assembled on forked DNA substrates and possesses much higher helicase activity than the single hexameric SV40 T antigen complex (24) . Electron microscopic analysis of the SV40 origin-dependent DNA unwinding reaction showed that the two replication forks of the plasmid DNA substrate were joined through SV40 T antigen complexes, suggesting that the double hexameric complex of T antigen remained intact during replication (25) . Thus, the double hexameric form of T antigen appears responsible for strand separation during fork movement.
Studies from several organisms, including yeast to human, indicate that the Mcm proteins interact to form a stable heterohexameric complex containing all six subunits, which appears to be the predominant form of the Mcm complex found in vivo (7, 10) . Mcm proteins also appeared to be recruited to chromatin as a complex containing all six subunits (9, 26) . Because this complex lacks detectable enzymatic activities (including helicase activity), these results suggest that alteration of the Mcm complex leading to the activation of helicase activity would be required for the initiation of replication. Genetic and biochemical studies suggest that modifications of the Mcm complex by the two S-phase promoting kinases, Cdc7-Dbf4 and the S-phase cyclin-dependent kinase, may be required for the conversion of the inactive complex to the active helicase complex (3, 27) . In S. cerevisiae, a specific mutant allele, Mcm5-bob1, suppressed all mutations in CDC7 or DBF4, suggesting that an alteration of the Mcm5 protein satisfies the essential functions of the Cdc7-Dbf4 complex (28) . A number of the Mcm proteins appeared to be modified by these two kinases (29) (30) (31) . In vitro studies, with the hexameric Mcm complex as a substrate, showed that Mcm2 was directly phosphorylated by the Cdc7-Dbf4 kinase (32, 33) . Although these findings suggest that the Mcm complex is the main target of these kinases, it is presently unclear whether their modification of the Mcm complex is sufficient to activate the helicase activity.
In vitro analysis showed that only the Mcm4͞6͞7 complex contained DNA helicase activity and that the addition of Mcm2 or Mcm3͞5 complex inhibited its helicase activity (12, 14, 15 6 . Processivity of the Mcm4͞6͞7 helicase. DNA helicase activity was assayed by using a partial duplex M13 substrate (5 fmol) containing duplex regions varying in length between 40 and 600 bp and a 40-nt oligo(dT) tail on its 5Ј end. Indicated amounts of the Mcm4͞6͞7 complex were preincubated with DNA substrates in the helicase reaction buffer at 25°C for 10 min, and E. coli SSB was added as indicated. After incubation at 32°C for 1 h, reactions were stopped by the addition of 4 l 5ϫ reaction stop buffer (100 mM EDTA͞0.5% SDS) and proteinase K (2 g), and reaction mixtures were incubated for an additional 30 min at 37°C. Aliquots then were electrophoresed through a 2.5% low melting agarose gel in 1ϫ TBE at 120 V for 3 h. Lane M, 32 P-labeled 50-bp ladder DNA marker (denatured); lane 1, boiled substrate; lanes 2 and 12, reactions without Mcm4͞6͞7 protein; ϩ and ϩ ϩ denote the addition of 200 and 400 ng of E. coli SSB, respectively. complex may require the dissociation of Mcm2 and Mcm3͞5. However, recent studies using mcm degron mutants in S. cerevisiae showed that the degradation of any one of the Mcm proteins after hydroxyurea treatment inhibited fork elongation after removal of hydroxyurea (16) . These results imply that all six Mcm proteins may be required for the elongation of replication fork, which appears to contradict the proposal that the Mcm4͞6͞7 complex is the active helicase at the replication fork. One possible explanation is that the elongation complex, including the Mcm helicase complex, dissociates after hydroxyurea addition and exposure of cells to the nonpermissive temperature and the reassembly of the elongation complex onto a stalled replication fork may require the complete six-subunit Mcm complex. In E. coli, conditions that block replication can result in the dissociation of the components at the replication fork. The restart of stalled replication forks requires the primosome assembly factors such as PriA to load the DnaB helicase onto the stalled fork (34) . At present, however, we cannot rule out the possibility that the six-subunit Mcm complex may be an active helicase complex at the replication fork. The biochemical activities of the Mcm4͞6͞7 complex described here may only represent the properties of the catalytic core of the complete replicative helicase complex.
